The frustration of antiferromagnetic interactions on the loosely connected kagome lattice associated to the enhancement of quantum fluctuations for S=1/2 spins was acknowledged long ago as a keypoint to stabilize novel ground states of magnetic matter. Only very recently, the model compound Herbersmithite, ZnCu 3 (OH) 6 Cl 2 , a structurally perfect kagome antiferromagnet, could be synthesized and enables a close comparison to theories. We review and classify various experimental results obtained over the past years and underline some of the pending issues.
Clinoatacamite Cu 2 (OH) 3 Cl Herbertsmithite ZnCu 3 (OH) 6 Cl 2 Zn-paratacamite Zn x Cu 4-x (OH) 6 Zn contents 0.33 < x < 0.66, the low temperature phase appears to be locally inhomogeneous and yields two components in the µSR signal; one from a frozen magnetic environment reminiscent of the ordered phase in clinoatacamite which gets more and more disordered as x increases, and one from a dynamical environment of the muon (Fig.2) . The evolution of this frozen fraction detected in µSR yields the phase diagram plotted in Fig. 4 . Interestingly for x > 0.66, the frozen fraction gets lower than the experimental accuracy (a few percent) and a fully "liquid" phase appears although 1/3 rd of the inter-layer 3D coupling paths are still active. Accordingly, the small ferromagnetic component found in macroscopic magnetization measurements disappears progressively when going from x = 0 to 1 (Fig.3) . frozen moment would then be less than 6 10 −4 µ B (µSR). This is completely consistent with ac susceptibility results for x = 1, which behaves monotonously down to the lowest temperature (50 mK) and with neutron scattering where no magnetic diffraction Bragg peak was detected at variance with clinoatacamite. 16) Herbertsmithite therefore appears as the first structurally perfect kagome antiferromagnet not displaying any magnetic transition and opens wide the field of experimental investigations in quantum kagome antiferromagnets.
Interactions
In Herbertsmithite, the 119 • Cu-OH-Cu bond-angle yields a moderate planar interaction J ≃ 180(10) K in comparison with other cuprates. Note that this value is consistent with that observed in cubanes where a similar OH bridge links adjacent coppers. 14) From a simple CurieWeiss analysis of the variation of the high-T susceptibility with x, the interaction between apical and planar Cu can be estimated to be weakly ferromagnetic, J ′ ∼ 0.1J, in agreement with neutron low-T data on the x = 0 compound. The paratacamite family therefore offers an interesting possibility to explore weakly ferromagnetically coupled kagome layers 7) for 0.33 < x < 1.
4/22 The apparent Curie-Weiss temperatures are extracted from linear fits of the inverse susceptibility up to 300 K. These values have to be corrected in order to extract the exact value of the exchange interaction, (see text). Adapted from.
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3. Magnetism of the kagome planes
Static susceptibility
Probing the susceptibility is a crucial issue regarding the comparison and discrimination between models. It has represented a major challenge since the discovery of the compound.
Various results are now reported through macroscopic susceptibility, and local techniques, by shift NMR measurements through 35 Cl 17) and 17 O NMR 18) or µSR. 19) Among all these local probes, 17 O NMR is certainly the most sensitive to the physics of the kagome planes since oxygen from the OH group mediates the superexchange coupling between two adjacent Cu.
The hyperfine coupling of Cl to Cu is found more than one order of magnitude smaller, itself much larger than the muon one. We will focus first on 17 O NMR. Cl NMR shift could be as well followed on partially oriented powders but due to a large broadening when T is decreased, it becomes impossible to determine the susceptibility below 15 K.
It is worth noting that no quantitative derivation of the couplings of the probes to the various Cu sites has been made up to now but the diversity of the observed behaviors at low T might likely be associated to the ratios of couplings strength of each probe to the various Cu locations including the non-kagome Zn site. 20)
One can divide the behavior of the susceptibility into 3 T -ranges ( Fig. 6 ): J down to 0.45 K ∼ J/400, a broad crossover with a smooth maximum from the Curie-Weiss Such maxima are also observed in other corner-sharing kagome based lattices 23-26) but the T dependence of the shift differs from one compound to another. A rapid decrease of the shift is further observed at lower T , between J/3 and J/20 ∼ 10 K.
Low T : T < 5 − 10 K
For T < 10 K∼ J/20, the shift finally levels off at a finite value. For instance, no difference can be found between the 17 O spectra taken at 0.45 and 1.3 K. The non-zero value and the T dependence of the shift lead to the conclusion that the kagome plane susceptibility of Herbertsmithite has a finite value at T → 0 and the system is probably gapless .
Dynamical susceptibility
On the dynamical side, inelastic neutron scattering (INS) data taken at 35 mK ( Fig. 7) ,
indicate an increase of χ ′′ (ω) with decreasing ω and clearly supports the absence of a spin gap at least larger than 0.1 meV. The apparently divergent power law behavior
is also quite unusual. Moreover χ ′′ is only weakly Q dependent and points at the absence of a characteristic length to describe the correlations. 16) T 1 relaxation measurements complement the insight into the structure of the excitation and confirm the neutron results. Note that a very different T -behavior, namely a moderate yet observable increase of the relaxation followed by a saturation is observed in µSR experiments for T < 1 K but this might be related to weak interactions between magnetic defects. 15) 
Magnetic defects and their contribution to macroscopic measurements
In addition to the previously reported discrepancy between 17 O shift and macroscopic susceptibility, there are several types of arguments which consistently fit with a scenario of dilution of the kagome magnetic lattice of Herbertsmithite. This comes out from inter-site mixing defects of Cu and Zn species even for compounds with the ideal stoechiometry. Namely, part of the non-magnetic Zn 2+ substitutes copper on the kagome plane, and respectively, to preserve stoichiometry, the same amount of copper substitutes zinc on the inter-plane site.
One should note that samples of different origins yield very similar results in macroscopic measurements, 35 Cl NMR and µSR, so that the various interpretations which have been 
17, 18)
successively proposed relate rather with progress in the understanding of Herbertsmithite physics than with differences between samples.
It is fair to point that a different picture of perfectly filled Cu 2+ kagome planes was initially favored based on a quite funded Jahn-Teller argument. 7) Indeed, since Cl − are quite far from Cu 2+ located in the kagome planes, the quasi-planar configuration is thought to be most favorable to Cu occupation through Jahn-Teller stabilization. This statement was reinforced by the interpretation of early shift measurements through µSR which was not then confirmed by other local probes. Yet, as pointed above, it is today quite hard to explain all the experimental findings within the initial framework of what was initially hailed as a "perfect"
compound. The Jahn-Teller energy stabilization might not be large enough to completely prevent inter-site mixing and it would be interesting to know more about the Cu Jahn-Teller energy in this compound.
Direct evidence of intersite mixing defects
Although Zn and Cu have close neutron scattering cross-sections, structural refinements are sensitive enough, as compared to x-ray ones, to suggest a large amount 7-10% of such inter-site mixing defects, 27, 28) depending on the origin of the samples.
NMR spectra taken at high T , in the uncorrelated regime, see Fig. 5 , give a local evidence for this. Indeed, the NMR powder average spectrum displays many singularities which 10/22 correspond to singular orientations of shift and quadrupolar tensors. Although oxygen occupies only one crystallographic site in Herbertsmithite, it was found impossible to fit such a powder lineshape 29) with only one O site. The additional site is well explained by oxygens surrounded by one Cu 2+ contributing to its shift and one Zn 2+ , ie a spin vacancy which does not contribute to the shift as sketched in Fig. 9 . A quantitative estimate of a 5% magnetic dilution was calculated from the ratio of intensities of this "defect" (D) line to that of the main (M) line. The shift of this second site is reported in Fig. 9 and compared to half the shift of the main line. These two quantities match well in the high-T regime where correlations are negligible but differences occur at low-T . In addition, the relative sharpness of the defect-line clearly point at some different low-T physics for the defect sites. We postpone the related discussion to the next section but, interestingly, the NMR lineshape can be satisfyingly reproduced in exact diagonalization of small spin clusters on the kagome lattice with random spin vacancies. 30) Finally, the low energy magnetic spectral weight in inelastic neutron scattering is found to shift linearly with field towards higher energies, which is commonly interpreted as a Zeeman splitting of paramagnetic-like S = 1/2 centers. Yet, because of linewidth and scattering intensity arguments developed in 16, 28) they cannot be interpreted as arising from strictly non-interacting spins. Either weakly coupled coppers occupying the Zn site due to intersite mixing, or paramagnetic centers due to spinless defects (see below) could yield a qualitative interpretation for this. 2+ spins on the Zn 2+ site
Macroscopic measurements: quasi-free Cu

Susceptibility
The intersite mixing is responsible for two kinds of magnetic defects that can show up in the susceptibility of Herbertsmithite. 
45)
is well studied by 17 O NMR, the second type is a classical case of weakly coupled paramagnetic centers, which give the dominant contribution, at low temperature, to the macroscopic susceptibility. This is indeed what is observed in these macroscopic measurements. From a simple Curie analysis of the low-T Curie-like tail of the susceptibility, one gets an estimate of 5-10% of such Zn-defects in the kagome planes.
Low T and High Field Magnetization
In low T magnetization measurements under strong magnetic fields (see Fig. 10 ), 33) the magnetization is linear at low field and shows a pronounced downward curvature above ∼ 2 T as expected for the Brillouin type saturation of free spins, although a saturation plateau at higher field is not observed. Instead, the magnetization for H 8 T increases rather linearly with the applied field. As a first approximation, one can split the total magnetization as the sum of two terms.
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First, a linear term that is likely to arise from the susceptibility of the Cu 2+ spins of the kagome planes. Due to their strong antiferromagnetic interactions, their magnetization is not expected to deviate from linearity up to very high fields gµ B H ∼ J. As shown in the inset of fig. 10 , this kagome plane susceptibility is much lower than the macroscopic susceptibility at the same T = 1.7 K but significantly higher than the local susceptibility obtained from 17 O NMR. However if the effective moment of the extended paramagnetic defects induced by spin vacancies in the kagome lattice is small, they may not be saturated in the maximum applied field of 14 T and they then also contribute to the linear magnetization. As a result the extracted susceptibility must be considered as an upper bound to the intrinsic kagome plane susceptibility.
Second, a saturated magnetization which can be isolated by subtraction of the high field linear contribution (discussed above) from the measured total magnetization (see red curve in Fig. 10 ). This part of the magnetization resembles a Brillouin function for a spin 1/2 although the saturation is reached at a slightly higher field suggesting some residual antiferromagnetic interactions of ∼ 1 K. 15, 27, 33) This second contribution can be safely attributed to the interlayer Cu 2+ defects. From the value of the saturated magnetization one gets about 7% of such defects out of the total number of Cu, in perfect agreement with the direct and indirect estimates from other studies.
Specific heat
The specific heat of Herbertsmithite was measured down to 0.1 K under various applied fields up to 14 T. 16, 27) Since no isostructural non-magnetic compound is available, reliable conclusions about the magnetic contribution cannot be extracted above 5-10 K because of the dominant contribution from phonons. The evolution of the T dependence of the specific heat under an applied field can be fitted satisfactorily with a Schottky model of quasi-free spins, which value is quite accurately S = 1/2, assuming an amount of 6 % of the total number of where no ordering occurs, and the weakness of interplanar interactions that they generate, it seems safe to assess that the intersite Cu cannot influence dramatically the susceptibility of the kagome planes. Using such a scenario and assuming in addition that the kagome susceptibility is unaffected by spinless Zn defects, a very detailed analysis, using series expansions and Pade approximants for the pure kagome lattice 22) show that both low-T susceptibility and specific heat data in Herbertsmithite can be fairly reproduced with a few % weakly interacting spins.
There are some discrepancies, especially for the deduced entropy which is found smaller than Adapted from ref.
33)
that of the pure kagome lattice. This might point at the need to include the response of the spinless defects or other extra terms (see discussion section) in the interpretation of these results.
Overall, due to the dominant contribution from these free centers, it is quite hard to conclude about the analytic dependence of the specific heat which behavior depends strongly on the selected T -range.
Discussion
As emphasized in the introduction, the discovery of Herbertsmithite has triggered many new ideas about the ground state of quantum kagome antiferromagnets. [34] [35] [36] Exact diagonalizations of finite clusters in the S = 1/2 quantum limit had earlier suggested a picture of a fluctuating ground state with an unusual continuum of singlet excitations between a singlet ground state and the first excited triplet, at variance with the triangular HAF (Fig.12) 37, 38) which features a more connected edge-sharing lattice. The central question of whether the small spin-gap J/20 survives or vanishes at the thermodynamic limit is still pending, 39) see fig. 13 . A remarkable result is that an effective dimer-model yielded a similar energy landscape Inset bottom: field dependence of the S = 1/2 doublet. Adapted from ref.
27)
with the same entropy. 40) These are quite strong indications that rather than condensing into an ordered state, the system breaks into singlets which resonate to lower the total energy, possibly pointing at a RVB state. Quite recently, more proposals have been made for the ground state of the KHAF, but it is not the aim of this paper to review in detail the various models.
From an experimentalist point of view, extracting the existence and value of the gap is of crucial importance. The dynamical susceptibility which could be extracted from neutron scattering, its Q dependence, the NMR relaxation rates and the specific heat are also stringent tests of theories although there are little predictions at the present stage about these quantities and their exact T -dependence.
Two main features are emerging from the experimental studies on Herbertsmithite, which are reported in the previous sections. The ground state possesses a finite magnetic susceptibility. Hence it is not a pure singlet state and, concomitantly, no spin-gap is observed in the excitations. One is therefore led to the central question of how near (or far) Herbertsmithite is from the ideal S=1/2 kagome Heisenberg antiferromagnet.
Various additional terms need to be incorporated into the Heisenberg Hamiltonian. We review them sequentially below but they likely have to be combined in order to account adequately for the present experimental data in Herbertsmithite. This might have a positive counterpart in the future since varying them through more advanced materials engineering
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Fig. 12. Energy spectrum using exact diagonalizations techniques, from ref.
37) The striking difference between the triangular and kagomé antiferromagnets, labeled TAH and KHAF, is the continuum of excitations in the singlet channel. The gap between the first singlet and triplet states is estimated at ∆ < J/20, but might vanish at the thermodynamic limit.
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might prove a rewarding way to isolate their influence on the intrinsic properties of the kagome lattice and could help discriminate between models.
Applied field
In the context where macroscopic susceptibility is dominated by the defects contribution at low T , the main measurement of the susceptibility relies upon local NMR measurements which are all performed in fields of the order of a few Teslas. This represents a few K energy for spins 1/2. The non-zero value of the susceptibility and the shape of its T -variation both indicate that in a scenario of a singlet-triplet gap, the value of the gap under an applied field, should be less than J/200 ∼ 1 K. There is no calculation at present of how the field could decrease the value of the gap and this is an issue which should be addressed in the future.
Dzyaloshinskii-Moriya (DM) anisotropy
Initially introduced in the context where the macroscopic susceptibility was assumed to be intrinsic, the DM anisotropy has been incorporated into exact diagonalization calculations in order to account for the upturn of the susceptibility below ≃ J, a feature which is not expected in the unperturbed case. 41) The existence of a DM anisotropy
there is no inversion symmetry between two adjacent Cu. − → D has two components, one along z, D z , and one planar D p which act differently on the susceptibility and the specific heat (see Fig. 11 ). In order to explain the low-T upturn of the susceptibility, one would need D p > |D z |, with D p ∼ 0.3 J. Yet, these values do not match those which were later extracted from the broad ESR line at room-T (Fig. 14) , ie a value of D p which does not exceed 0.05-0.1 J 42) (Fig. 15) . Therefore only 15-30 % of the upturn can be accounted for by DM anisotropy, which validates the defect approach. Within the latter approach, DM anisotropy induces a decrease of entropy which might solve one of the problems of the defect-only approach developed in ref. 22) One of the most interesting outcome from the study of the DM anisotropy as a perturbation of the Heisenberg Hamiltonian is that an unexpected phase diagram appears Fig. 15 ). Whereas in the classical case, any minute amount of DM anisotropy will lead to long-range order, 43) for spins S = 1/2 a quantum critical point appears which is governed by the value of D/J ∼ 0.1 where the system switches from a liquid to a Néel state. 44, 45) Noticeably, Herbertsmithite appears to be close to this quantum critical point.
The absence of a gap in the susceptibility is then well explained by a mixing of singlet and triplet states due to the DM interaction. Indeed with a value of the order of 0.1 J, DM interactions likely smear out a gap which is predicted to be J/20. 
42)
In-plane magnetic defects
As developed in the previous section, some quasi-free Cu reside on the Zn site and dominate the low-T macroscopic measurements, yet they do not fully account for the experimental observations. DM interactions can complete the view but spin vacancies in the kagome planes also generate a local magnetic response. This comes into play in the macroscopic measurements but yield specific signatures for local techniques. It is the aim of this paragraph to review shortly this topic with respect to the experimental results.
Can the presence of 5 -10% dilution defects alter drastically the intrinsic physics? Down to 0.3 J, this does not seem to be much the case if one refers to numerical calculations of the macroscopic susceptibility and the specific heat. 41) More insights on the local and extended response around spinless defects come out from exact diagonalization studies of the effect of non-magnetic impurities in kagome antiferromagnets, including the case where DM interactions are present. For D = 0, a non-magnetic impurity is found to induce a dimer freezing in the two adjacent triangles it belongs to, as expected from the relief of frustration. 46) Further from the impurity, a staggered response is generated like in all antiferromagnets. 31) The major difference with the unfrustrated case is that the response is not peaked on the sites 
45)
interaction (∼ 0.1J) which, due to low symmetry, might unfortunately not be avoided in any kagome based compounds and the existence of spinless defects (∼ a few %). Extensive exact diagonalization studies combining most of the experimental parameters have recently paved the way. Working out the consequences of these perturbations might also help to understand and probe the kagome physics.
Certainly, the synthesis of single crystals and the controlled variation of both DM anisotropy and the amount of defects through new synthesis routes are highly desirable for further progress in the understanding of the ground state of the kagome antiferromagnet. We are still at the early era of a new story! More quantum frustrated compounds are being and will be synthesized.
Acknowledgments
We thank Pr. H. Kawamura and Pr. S. Maegawa for offering us the opportunity to present this review in this special issue.
We thank A. Olariu, M. de Vries and A. Zorko for their participation at various stages of the work performed by our group and for their help in the preparation of the manuscript.
We thank C. Lhuillier for discussions and a critical reading of our manuscript.
We deeply thank J. Helton, C. Lhuillier, F. Mila, I. Rousochatzakis, P. Sindzingre, M. de 
